Background: Recent progress in sequencing technologies allows us to explore comprehensive genomic and transcriptomic information to improve the current European LeukemiaNet (ELN) system of acute myeloid leukemia (AML). Methods: We compared the prognostic value of traditional demographic and cytogenetic risk factors, genomic data in the form of somatic aberrations of 25 AML-relevant genes, and whole-transcriptome expression profiling (RNA sequencing) in 267 intensively treated AML patients (Clinseq-AML). Multivariable penalized Cox models (overall survival [OS]) were developed for each data modality (clinical, genomic, transcriptomic), together with an associated prognostic risk score. Results: Of the three data modalities, transcriptomic data provided the best prognostic value, with an integrated area under the curve (iAUC) of a time-dependent receiver operating characteristic (ROC) curve of 0.73. We developed a prognostic risk score (Clinseq-G) from transcriptomic data, which was validated in the independent The Cancer Genome Atlas AML cohort (RNA sequencing, n ¼ 142, iAUC ¼ 0.73, comparing the high-risk group with the low-risk group, hazard ratio [HR] OS ¼ 2.42, 95% confidence interval [CI] ¼ 1.51 to 3.88). Comparison between Clinseq-G and ELN score iAUC estimates indicated strong evidence in favor of the Clinseq-G model (Bayes factor ¼ 26.78). The proposed model remained statistically significant in multivariable analysis including the ELN and other well-known risk factors (HR os ¼ 2.34, 95% CI ¼ 1.30 to 4.22). We further validated the Clinseq-G model in a second independent data set (n ¼ 458, iAUC ¼ 0.66, adjusted HR OS ¼ 2.02, 95% CI ¼ 1.33 to 3.08; adjusted HR EFS ¼ 2.10, 95% CI ¼ 1.42 to 3.12). Conclusions: Our results indicate that the Clinseq-G prediction model, based on transcriptomic data from RNA sequencing, outperforms traditional clinical parameters and previously reported models based on genomic biomarkers.
Risk stratification of acute myeloid leukemia (AML) guides the postremission strategy after standard induction chemotherapy. The current risk stratification of AML patients, the European LeukemiaNet (ELN) system, is based mainly on cytogenetics and common somatic aberrations (NPM1, FLT3-ITD, CEBPA, RUNX1, ASXL1, and TP53) (1). However, there is heterogeneity in the outcome for individuals in each risk group, especially in the intermediate group (2) . In addition to the molecular and clinical characteristics included the ELN risk classification system, alternative biomarker panels and somatic aberrations have been proposed to refine the risk classification (3) (4) (5) (6) (7) . We have recently summarized and independently evaluated several of these proposed AML risk classification systems (8) .
With the rapid ongoing development of molecular profiling technologies using sequencing, comprehensive molecular phenotyping, including gene expression profiling and somatic mutation profiling, is now feasible and will most likely become routine in the clinical setting in the near future (8) . Both Li's model, a 24-gene expression signature (3) , and Patel's 18-gene mutation panel (5) showed improved risk stratification compared with the ELN system for all AML patients. In this study, we investigate the prognostic value of different types of predictors, including traditional demographic parameters, cytogenetic risk factors, somatic mutations, and wholetranscriptomic gene expression profiling by RNA sequencing, and develop a prediction model based on the most informative data set to predict and stratify the outcome of AML.
Methods

Patients
Three AML cohorts were used in this study: the Clinseq cohort (8) , The Cancer Genome Atlas (TCGA)-AML cohort (9) , and the GSE6891 data set (10) . The Clinseq cohort, which contains 267 AML patients, served as a training cohort to develop the prediction model. The TCGA cohort, comprised of 142 AML patients, and the GSE6891 data set, with 458 patients, were used as validation cohorts.
Patients in the Clinseq cohort were diagnosed in Sweden between February 1997 and August 2014. Bone marrow or peripheral blood samples were obtained at the time of diagnosis. All patients were treated with intensive induction regimens, including anthracyclines and cytosine arabinoside, according to national guidelines (11) . Clinical data were retrieved from the Swedish Acute Leukemia Registry (SALR) (12) or from patient records. The regional ethical review board in Stockholm, Sweden, approved the study. The samples were used in accordance to informed consent given by included patients.
The first validation cohort (TCGA-AML) includes 142 AML patients with intensive induction treatment. Clinical and mutational data were retrieved from the data portal of TCGA (https:// gdc.cancer.gov) and Supplementary Table 1 (available online) of the publication of the TCGA-AML study (9) .
The second validation data set (GSE6891) includes 458 AML patients (age 60 years). Detailed clinical, cytogenetic, and molecular information is available in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo; accession No. GSE6891) and in the original study (10) .
Outcome
In this study, we investigated overall survival (OS) as the primary outcome. Overall survival was measured as from the date of diagnosis to the date of death from any cause. Patients alive at last follow-up were censored. Patients subjected to allogeneic hematopoietic stem cell transplantation were censored at the date of transplantation. The median follow-up time was 263 days in the Clinseq cohort and 455 days in the TCGA cohort. Patients in the Clinseq cohort who had stem cell transplantation were censored at the date of transplantation; however, the TCGA doesn't provide this information. If not censored at the date of transplantation, the median follow-up time was 404 days in the Clinseq. The definition of OS and event-free survival (EFS) in the GSE6891 is described in their original publication (13) .
Predictor Sets
We consider four classes of predictors: demographic parameters (hereafter referred to as D), karyotypes (K), somatic mutations (M), and whole-transcriptome gene expression profile (G) (Figure 1 ). Demographic parameters (D) include age, sex, etiology of AML (whether the AML is de novo or secondary or therapy related). Karyotypes (K) are common AML-related cytogenetic aberrations. In the Clinseq cohort, the transcriptomic profile was acquired by RNA sequencing, and somatic mutations were characterized by targeted sequencing of a panel of 25 genes. The details about sample and library preparation, sequencing, and bioinformatics processing of mutation calling and RNA-seq are described in the Supplementary Methods (available online).
Prognostic Model
The overall design of this study is outlined in Figure 1 . We developed three in-house models (Clinseq-DK, M, and G) based on the four sets of predictors (predictor sets D and K were combined into a single model). The other three models that were evaluated are used as reference models: 1) the ELN risk classification system (1); 2) Li's model (3) based on a 24-gene expression signature; 3) Patel's model (5) based on an 18-gene panel of somatic mutations.
The Clinseq-DK, M, and G models were developed using an elastic net penalized Cox regression model (14) . The prognostic score is predicted from the fitted regression model as a linear model (sum of the normalized RNA-seq counts weighted by their coefficients derived from the elastic net penalized Cox regression model).
The Clinseq-DK, M, and G and the three reference models (the ELN, Li's model, and Patel's model) were evaluated in the TCGA cohort. The details of the implementation of Li's and Patel's models are to be found in the Supplementary Methods (available online). After evaluation of model performance in the TCGA cohort, the best model, Clinseq-G, was further tested in the GSE6891 data set to further assess the generalizability of the model.
To evaluate the prognostic value of different types of data (D, K, M, and G) in the training cohort (Clinseq-AML), crossvalidation was conducted 100 times in each data set. Each time, samples were randomly split into training (80%) and test sets (20%). The frequency of events in the training and test sets was kept even when sampling. In each cross-validation iteration, the model was fitted in the training set. The relative survival risk of samples in the test set was predicted using the fitted model.
The Clinseq-G model was further evaluated in the microarray-based GSE6891 data set; see the Supplementary Methods (available online) for details.
Assessment of Prognostic Model Performance
To assess the performance of the prognostic prediction models, we used four measurements: 1) concordance index (C-index) (15, 16) , 2) integrated area under the curve (iAUC) of the timedependent receiver operating characteristic (ROC) curve, 3) integrated Brier score (iBS), and 4) hazard ratio (HR) estimates in the univariate Cox regression model.
The iAUC of the time-dependent ROC curve (15) from six to 36 months was calculated as a measurement of discrimination. A larger iAUC indicates a better predictability of survival. C-index is another measurement of discrimination, which is the probability that a randomly selected person with the event will have a higher predicted risk than a randomly selected person without the event (15) . The iBS is an integrated measurement of the mean squared error over time (16, 17) . In contrast to iAUC and C-index, the lower the iBS is, the better the average predictability of OS will be. The iAUC, C-index, and iBS were calculated using R package survcomp (18) . Under each model, the patients were further dichotomized to high-and low-risk groups at the median. Univariate and multivariable Cox proportional hazards regression models were fitted at a time-on scale. Variables included in the multivariable Cox regression model were age, sex, etiology (de novo, secondary, or therapy-related AML), stem cell transplantation, percentage of bone marrow blast, white blood cell count, peripheral blood blast count, and mutational status of NPM1, FLT3-ITD, and CEBPA. Proportional hazards assumptions were checked using Schoenfeld residuals. The survival analysis was conducted by the R package survival (19) .
Bayes factor (20, 21) was calculated to compare the prognostic performance between models, following the method described by Guinney et al. (22) . According to Kass et al.'s guidance (21), a Bayes factor from 1 to 3 indicates information hardly worth mentioning; from 3 to 20 indicates positive evidence; 20 to 150 indicates strong evidence; and greater than 150 indicates very strong evidence.
Additional Statistical Analyses
The Student t test or Kruskal-Wallis test was conducted for continuous variables, and the v 2 test was conducted for categorical variables to compare baseline characteristics of participants between cohorts. All tests were two-sided, with P values of less than .05 considered statistically significant.
Results
Study Population
The basic characteristics of patients, including demographics, clinical parameters, cytogenetic aberrations, and somatic mutations in the Clinseq, TCGA, and GSE6891 cohorts, are listed in Table 2 , Supplementary Figure 1 , available online). There were no statistical differences found in any of the measurements. This indicates that the Clinseq cohort can be seen as a representative sample from the Swedish AML patient population in general.
Evaluation of the Prognostic Value of Demographic, Cytogenetic, Genetic, and Transcriptomic Data
In order to evaluate the relative prognostic value of different types of predictors, including demographic variables (age, sex, and performance status) (D), cytogenetic (K), somatic mutations (M), and transcriptomics (G), cross-validation was conducted in the training set (Clinseq-AML). The predicted risk score of overall survival in each cross-validation round was evaluated by several methods assessing the performance of prognostic scores such iAUC, iBS, and C-index ( Figure 2A ). Predictor set G (transcriptomic profile) provided the best performance, especially in respect to iAUC (of note: for iAUC and C-index, the higher the better, while for iBS, the lower the better). Supplementary Table 3 (available online) presents the mean of iAUC, iBS, and C-index for the prediction of overall survival. 
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We fitted penalized Cox regression models (Clinseq-DK, M, and G models) on overall survival in the Clinseq cohort based on the different types of data separately. Demographic parameters (age and sex; D) and cytogenetic aberrations (K) were combined into one feature set. There were 1946 genes included in the RNA sequencing-based prediction model. The predictors and corresponding coefficients of the Clinseq-DK, M, and G models are listed in Supplementary Tables 4-6 (available online).
External Model Evaluation in the TCGA Cohort
The prediction models (Clinseq-DK, M, G) were subsequently tested in the TCGA-AML cohort. The prognostic scores predicted by the models, listed in Supplementary Table 7 (available online), were compared in terms of iAUC, iBS, C-index, and hazard ratio of dichotomized risk groups ( Figure 2B and Table 1 ). The ELN risk classification and prognostic risk score/groups developed by two previous publications, Li (3) and Patel (5) , were also compared with our models. These models were the top two best models based on a previous systematic evaluation of prognostic performance in AML (8) . Model Clinseq-G, which is the penalized Cox regression model based on the RNA-seq data set, shows the highest timedependent AUC under the ROC curve (0.73; C-index ¼ 0.68, 95% confidence interval [CI] ¼ 0.62 to 0.74) and second lowest iBS (0.17, the lowest is 0.16), which means a good discrimination and overall prediction accuracy ( Table 1 ). The iAUC of Clinseq-G is 0.73, with a Bayes factor greater than 4 compared with all the other models, indicating positive support for the Clinseq-G model. The Bayes factor of Clinseq-G compared with the ELN (reference model) is 26.78, indicating strong evidence in favor of the Clinseq-G model. Besides the C-index presented here, we also investigated the time-dependent C-index proposed by Uno et al. (23) . The distribution of different prediction models is similar to the AUC of time-dependent ROC curves and Brier scores (Supplementary Figure 2 , available online). Dichotomizing patients in the TCGA cohort based on the prognostic score generated by the Clinseq-G model, the hazard ratio comparing the high-risk with the low-risk group was 2.42 (95% CI ¼ 1.51 to 3.88). To compare categorized risk groups with the ELN and Patel's model, which have three levels, the patients were divided into tertiles based on the prognostic score of Li's model and the Clinseq-DK, M, and G models, respectively (Supplementary Figure 3, available online) . The Kaplan-Meier curves of three risk groups defined by the Clinseq-G model show statistically significant differences in terms of the probability of overall survival without overlapping (Supplementary Figure 3 , bottom right, available online). In multivariable analysis (Table 2) , after adjusting for age, sex, percentage of bone marrow blast, white blood cell count, peripheral blood blast count, and the ELN risk classification, the Clinseq-G is still 
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statistically significantly associated with overall survival (HR ¼ 2.34, 95% CI ¼ 1.30 to 4.22, P ¼ .005) ( Table 2 ).
External Validation of the Clinseq-G Model in a Microarray-Based AML Data Set
To further validate the prognostic value of the Clinseq-G model, we applied it to a microarray-based gene expression data set, GSE6891. There are 458 AML patients in the GSE6891 data set. The median OS for the total cohort was 1.67 years with a standard deviation of 4.67, and the median follow-up for survivors was 10.13 years with an SD of 3.39. The predicted scores are listed in Supplementary Table 8 (available online). The iAUC of the prognostic score predicted in the GSE6891 is 0.66, the iBS is 0.21, and the C-index is 0.61 (95% CI ¼ 0.58 to 0.65). The prognostic score is statistically associated with OS and EFS (HR OS ¼ 3.56, 95% CI ¼ 2.51 to 5.06; HR EFS ¼ 3.41, 95% CI ¼ 2.45 to 4.75). Equally dividing the patients according to the prognostic score into three groups, Kaplan-Meier curves of OS and EFS show statistically significantly different trends, without overlap ( Figure 3) . After adjusting for age, sex, cytogenetic risk stratification, NPM1, FLT3-ITD, and double mutation of CEBPA, the prognostic score is still statistically associated with OS and EFS HR os ¼ 2.02, 95% CI ¼ 1.33 to 3.08; adjusted HR EFS ¼ 2.10, 95% CI ¼ 1.42 to 3.12 ( Table 3) .
Evaluation of the Prognostic Value of the Clinseq-G Model in the Cytogenetic Normal Subgroup
Additionally, the prognostic score could further stratify the risk in cytogenetic normal AML (CN-AML) patients. In the GSE6891 cohort, there are 187 patients with CN-AML. Within the CN-AML subgroup, the prognostic value of the score is consistent with the whole cohort. The iAUC of the prognostic score predicted in the GSE6891 is 0.66, the iBS is 0.21, and the C-index is 0.62 (95% CI ¼ 0.57 to 0.67). The prognostic score is statistically associated with OS and EFS (HR OS ¼ 3.62, 95% CI ¼ 2.04 to 6.40; HR EFS ¼ 2.95, 95% CI ¼ 1.72 to 5.05). Illustrated by Kaplan-Meier curves, the OS and EFS trends of risk groups were highly consistent within the whole cohort (Supplementary Figure 4 , available online). However, the association between the prognostic score and OS in the TCGA CN-AML subgroup was not statistically significant, which might be due to lack of power as the number of patients is limited (n ¼ 64).
Gene Enrichment Analysis of Clinseq-G Model Predictors
To determine which genes were individually prognostic, we performed Cox regression on OS with each gene. We found that 306 out of 14 662 genes (the whole Clinseq-G predictor set) were associated with overall survival (false discovery rate-adjusted P < .05); 262 of them (85.6%) are included in the 1946 predictors selected in the Clinseq-G prediction model (data not shown).
To investigate potential enrichment of particular molecular mechanisms in the 1946-gene panel in the Clinseq-G prediction model, we conducted gene ontology (GO) enrichment analysis (24) . Genes were enriched in ribosome, hemoglobin complex, T cell receptor complex, and neuron projection membrane (Supplementary Figure 5 and Supplementary Table 9 , available online). Many of these genes are annotated in both the hemoglobin gene families and the ribosomal protein gene families (Supplementary Figure 6 , available online). It has been previously reported that ribosomal dysfunctions, for example, Schwachman-Diamond syndrome, Diamond-Blackfan anemia, dyskeratosis, and congenita, predispose to an increased lifetime risk of myelodysplastic syndromes and/or AML (25, 26) .
Discussion
Prognostic prediction is a challenging task because AML is a heterogeneous disease, especially in respect to clonal diversification and complexity. As a consequence, the ability to predict survival on the basis of routinely available clinical and cytogenetics variables, even with the addition of an increasing number of mutations, is relatively limited. In this study, we investigated the prognostic value relating to AML outcomes using multiple data modalities, including demographic, cytogenetic, somatic mutations, and transcriptomic gene expression profiles. The transcriptomic gene expression data were found to provide the strongest prognostic value. We propose a new prognostic score, Clinseq-G, based on transcriptomic gene expression data, to predict and stratify AML patients' survival after diagnosis. The Clinseq-G prognostic score was validated in two independent cohorts, which provided evidence of generalizability and independent prognostic value of this risk score. Multiple AML risk stratification models have been proposed previously (3) (4) (5) (6) (7) . However, there are several advantages of the present study. First, the performance of the models was evaluated in a more comprehensive and systematic manner. We assessed the discriminability by multiple metrics, including iAUC and C-index, the overall performance by iBS, the generalizability by validation in independent data sets. Second, the Clinseq-G prognostic score performed better than previously proposed models. Third, the Clinseq-G model could be successfully validated in two independent AML cohorts. We also believe that it is a strength that the prognostic score was developed in a population-based cohort consisting of older patients (median age [range] ¼ 64 years) using RNA sequencing, while the risk score could be validated in a younger (60 years) and microarray-based data set. Furthermore, the risk score was associated with both overall and event-free survival.
There are also some limitations that have to be acknowledged. First, not all potential clinical factors were included in this study, because of the incompleteness of the data on I I II I II IIIII I I II II I I IIII II II I I I I I   I I I I I III II I I II II  II I   I  I I  I  I I   Number at risk  Low: 150 91  78  70  65  62  54  43  36  35  31  156 73  57  52  52  48  43  37  31  28  27  Intermediate:  High: 151 48  30  27  25  21  20  18  18  17 
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variables across different cohorts. For instance, the minimal residual disease, which needs to be sampled at the time of complete remission, was not available in this study. Second, we applied the updated ELN (version 2017), except for one of the criteria, the FLT3-ITD allelic ratio. The status of FLT3-ITD was used instead of the allelic ratio. The FLT3-ITD ratio is derived from a particular genotyping method (1). However, no corresponding sequencing-based estimation method of the allelic ratio has been validated yet. Compared with the 2010 version (27) , the updated ELN system successfully reclassified patients with intermediate risk to the high-risk category in the Clinseq and TCGA cohorts (Supplementary Figure 7 , available online). Third, the prediction model was developed in the Clinseq cohort, which is representative of the overall AML population in Sweden. However, both the TCGA cohort and the GSE6891 cohort represent subpopulations of AML patients. In the case of TCGA, only de novo AML patients are included, and in the case of the GSE6891 cohort, only patients younger than age 60 years are included. Fourth, the follow-up time in the training set, the Clinseq cohort, is relatively short (median ¼ 263 days). However, the prognostic score could be validated in the GSE6891 cohort, which had a longer follow-up time (median ¼ 1.7 years). Last, we acknowledge that currently the relative cost of sequencing-based diagnostics does not motivate immediate clinical implementation. However, we anticipate that sequencing cost in just a few years will be manageable. Sequencingbased diagnostics also provide detailed molecular information that is likely to become increasingly important as precision medicine and targeted therapies become gradually more available, including molecular subtyping, targeted drug identification, and transplantation donor matching.
In conclusion, we present the first RNA sequencing-based prognostic score to predict survival after diagnosis of AML. The proposed risk score was validated in two independent cohorts and improves patient stratification compared with the risk classification system used in the clinical setting. Prospective clinical studies are required for further validation of the proposed prognostic score. 
